A new multi-modal Monte-Carlo radiation treatment planning system is under development at Japan Atomic Energy Agency. This system (developing code: JCDS-FX) builds on fundamental technologies of JCDS. JCDS was developed by JAEA to perform treatment planning of boron neutron capture therapy (BNCT) which is being conducted at JRR-4 in JAEA. JCDS has many advantages based on practical accomplishments for actual clinical trials of BNCT at JRR-4, the advantages have been taken over to JCDS-FX. One of the features of JCDS-FX is that PHITS has been applied to particle transport calculation. PHITS is a multipurpose particle Monte-Carlo transport code, thus application of PHITS enables to evaluate doses for not only BNCT but also several radiotherapies like proton therapy. To verify calculation accuracy of JCDS-FX with PHITS for BNCT, treatment planning of an actual BNCT conducted at JRR-4 was performed retrospectively. The verification results demonstrated the new system was applicable to BNCT clinical trials in practical use. In framework of R&D for laser-driven proton therapy, we begin study for application of JCDS-FX combined with PHITS to proton therapy in addition to BNCT. Several features and performances of the new multimodal Monte-Carlo radiotherapy planning system are presented.
INTRODUCTION
Clinical trial of boron neutron capture therapy (BNCT) is being performed using some research reactors in world-wide. BNCT is a sort of radiation therapy for an obstinate cancer such as malignant brain tumors and melanoma [1] . The physical principle of the BNCT was presented in 1936 and its medical application for malignant brain tumors was conducted [2] . Figure 1 shows schema of the principle of the BNCT. In Japan, clinical trials for BNCT had been performed using thermal neutron beams at several research reactors as Japan Research Reactor No.2 (JRR-2), Musashi Institute of Technology Reactor (MuITR), Kyoto University Research Reactor (KUR) and JRR-4 [3] . In the BNCT with the thermal neutron beam, intra-operative irradiation including craniotomy was carried out in order to deliver sufficient thermal neutron fluence to tumor region in the brain. On the other hand in USA and in Europe, clinical trials of BNCT with epithermal neutron beams were performed since the 1990s. By using the epithermal neutron beams, the therapeutic range is expanded to deeper in the brain than the thermal neutron beam irradiation, and also the application of the epithermal neutron beam became possible to perform non-operative irradiation. Finally also in Japan, the epithermal neutron beam BNCT has been conducted at KUR and JRR-4 since the early 2000 [4] .
To carry out the BNCT including accurate treatment plan based on the computational dosimetry, JCDS as a treatment planning system for BNCT had been developed by JAEA [5] . Development of JCDS enabled to obtain detail dose information in the treatment planning and to determine an optimum irradiation condition for the patient prior to the treatment. Finally the BNCT clinical trial with the epithermal neutron beam at JRR-4 was performed based on the treatment planning with JCDS.
In current BNCT studies in Japan, various approaches such as combined modality therapy (X-ray therapy boosted after BNCT), expansion of application of BNCT and accelerator based BNCT are being performed to further improve the BNCT. For the expansion of application of the BNCT, clinical trials against trunk tumors as liver cancer, lung cancer and breast cancer have been conducted in addition to brain tumor and head-&-neck cancer. And the aim of the study for accelerator based BNCT is to develop compact BNCT facility which can generate sufficient neutron beam using an accelerator to realize the BNCT in a hospital in the future. By means of these innovative modalities, BNCT studies will make further progress. However, to deal with these trials, we have to carry further developments for irradiation techniques and dosimetry method. In this framework, a new Monte-Carlo treatment planning system is under development at JAEA. This system (developing code: JCDS-FX) builds on fundamental technologies of JCDS. JCDS-FX has several advantages for treatment planning of BNCT as well as particle radiotherapy. This system will be released for public use in the fairly near future. Several features and performances of the new system were described. 
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MATERIAL AND METHODS
JCDS, a treatment planning system
In the intra-operative BNCT with thermal neutron beam, prescribed dose given to a patient was evaluated by measuring the radioactivity of gold wires located on brain. However, the dosimetry method using the gold wires could not be applied to the BNCT with epithermal neutron beam. To evaluate doses accurately and to make an optimum treatment plan for each patient, JCDS which can evaluate dose distribution around tumor region by numerical simulation has been developed by JAEA [6] .
In the process of computational dosimetry with JCDS, first, a patient's threedimensional model is created using patient's medical images both CT (Computer Tomography) and MRI (Magnetic Resonance Imaging). By using the CT images, compositions of the human body are automatically differentiated to bone, soft tissues and air according to CT values. On the other hand, the MRI image data are used for definition of several "Region Of Interest (ROI)" such as tumor region and organs at risk. By superimposing the MRI images onto the CT images, a detailed 3D model including the compositions information and the ROI information is created. To effectively compute distributions of several dose components and neutron fluxes in the body, the detailed 3D model is converted into a voxel calculation model. Initial version of JCDS made a voxel calculation model dividing the space into 10x10x10 mm 3 voxel cells that contain proper material data in each voxel cell. JCDS has been improved continuously to perform more accurate dosimetry, current version of JCDS became possible to make a voxel calculation model consisted of 2x2x2mm 3 voxel cells.
The distributions of the dose components and fluxes in the voxel model are determined by Mote-Carlo transport calculation with MCNP [7] . JCDS evaluates the detailed distributions of the dose components based on the calculation results, outputs two-dimensional distribution superimposed on CT or MRI. Finally medical doctors decided irradiation condition for the patient using the JCDS results. JCDS has been applied to treatment planning of actual BNCT since 2003.
JCDS-FX, a new multi-modal Monte-Carlo radiation treatment planning system
JCDS-FX has several features and advantages compared to JCDS. One of the features of the development of the system is that PHITS has been applied to particle transport calculation code in addition to MCNP. Some features of PHITS are described in next section. Figure 2 shows process of treatment planning by JCDS-FX. Process of the construction for a patient model and a voxel model has been improved through the basic technologies of JCDS, moreover new functions have been installed to JCDS-FX. For construction process of a patient's model, JCDS-FX can deal with great geometry model, since the system and calculation code have been constructed on 64 bit computer environment. For definition of tumor volume, JCDS-FX became possible to deal with PET images in addition to CT and MRI images. By using PET images, tumor regions which might be invisible by CT or MRI are picked out properly, and application of PET information to dosimetry of BNCT enabled to determine boron dose distribution according to the PET value. For process of making a voxel calculation model, JCDS-FX can construct minute calculation model consisted of pixel based cells or 1x1x1 mm 3 voxel cells in addition to conventional voxel size of JCDS.
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Create a Detailed Three Dimensional Model PHITS, a multi-purpose particle Monte-Carlo transport code PHITS, a multi-purpose particle Monte-Carlo transport code is under development by JAEA and some institutes [8] . This Monte-Carlo code can compute particle behavior not only for neutrons and photons but also protons and heavy ions. For neutron transport, PHITS allows calculation high-energy as well as low-energy fields. For the transport of the low-energy neutrons and the photons, MCNP technologies have been taken over to PHITS. Thus descriptions in MCNP's input are available in PHITS input directly. In case of calculations with same nuclear data of MCNP calculation like ENDF/B, PHITS can determine identical values with MCNP calculations. Therefore, we can change the transport code of the BNCT treatment planning system to PHITS without difficulty.
In particle source definition, PHITS can generate multiple particles in a source definition concurrently, although MCNP generates only one particle. This allows to setting a proper beam source including both neutrons and photons at near patient position, then doses involving primary core gamma-ray dose are able to be evaluated effectively.
Application of PHITS enables to perform treatment planning of various radiotherapies including BNCT. Moreover total dose given to a patient by a combined modality therapy like combination between BNCT and proton therapy can be also evaluated. In accelerator based BNCT study, total design of BNCT facility including accelerator and neutron target becomes possible, and dose accuracy is expected to improve since dose calculation including proper neutron source reaction between proton and target material can be carried out.
Verification of JCDS-FX with PHITS
To verify performance of JCDS-FX with PHITS for BNCT treatment planning, various calculations were carried out, and then the calculation results were compared with calculations by conventional treatment planning system. First, to verify the characteristics of dose calculation of PHITS, a neutron irradiation condition with a cylindrical water phantom was specified. The condition was reconstructed an actual phantom experiment which had been carried out at JRR-4 to measure beam characteristics of the reactor. In the experiment, the phantom was set at irradiation position in irradiation room of JRR-4, then neutron beam was irradiated to the phantom. In the calculations, the neutron beam was selected Epithermal Neutron Beam mode (ENB mode) which is applied to actual BNCT at JRR-4, the reactor has many neutron beam mode by using neutron beam facility of JRR-4 [9] . And neutron fluxes and photon fluxes and several doses in the phantom were determined by both PHITS and MCNP, results of PHITS calculation were compared with the MCNP calculations. Figure 3 shows the layout of the irradiation condition with cylindrical phantom displayed by PHITS.
In the MCNP calculation, to perform efficient transport calculation, phase space files (surface source files) as a source definition was made in advance of the calculation. Particle tracks of neutrons and photons are stored in the source files. Validity of source of the ENB mode has been verified [10] . By using the surface source file, calculations of neutron fluxes and several dose components in the phantom were performed effectively. On the other hand, in PHITS calculation, a newly beam source data of the ENB mode was created according to PHITS format. Location of the PHITS source was specified corresponding to the surface source of MCNP. Surface position of the source was matched to surface of the SSR of MCNP, and the PHITS source was specified to generate neutrons and photons concurrently. Location of both beam sources was shown in the Figure 3 . In both Monte-Carlo transport calculations, ENDF/B-7 nuclear library data was employed. Neutron fluxes, photon fluxes and Boron dose, Nitrogen dose, Hydrogen dose and gamma-ray dose in the phantom were determined by both codes respectively. Next, to confirm practical application of JCDS-FX with PHITS to BNCT clinical trial, treatment planning of an actual BNCT conducted at JRR-4 was performed using the system retrospectively. And then, the results were compared with the treatment planning of that time by using JCDS with MCNP. In the verification, a three-dimensional model of a patient was created by using again same of CT and MRI slices of the patient, and irradiation condition of the previous BNCT was reconstructed adequately. In the treatment planning with JCDS-FX, a voxel model was constructed based on 2x2x2mm 3 voxel cells in order to match the condition of that treatment planning by JCDS, although JCDS-FX could make voxel model consisted of smaller voxel cells. Figure 4 shows the voxel calculation model created by JCDS-FX and displayed by PHITS. Several doses and their distributions in the head were determined by PHITS, then total dose for tumor region and normal tissue regions were evaluated respectively by using JCDS-FX. 
RESULTS AND DISCUSSIONS
Comparison results between PHITS calculation and MCNP calculations for phantom irradiation condition
In this section, results of the verification for PHITS calculation with cylindrical water phantom condition are described. Thermal neutron flux profiles on beam central axis in the phantom are shown in Figure 5 -(a) for both MCNP and PHITS calculations. And Figure 5-(b) shows profiles of photon fluxes determined by both codes. The profiles of PHITS for neutron fluxes and photon fluxes were comparable to MCNP profiles within statistical errors. The results demonstrated that PHITS can evaluate the fluxes for both neutrons and photons properly.
For comparison results of dose calculations, boron dose rate profiles for both calculations are shown in Figure 5 -(c). For determination of doses concerned with neutron reactions such as boron dose and nitrogen dose, both codes compute the doses by using heating number built in nuclear data library. In the doses calculations, both codes have employed same nuclear data library as ENDF/B-7. Therefore, the doses of PHITS were naturally comparable with the MCNP doses due to good agreement of the neutron fluxes. However for gamma-ray dose evaluation, the dose profile of PHITS was approximately 5% lower than MCNP profile, although the photon fluxes were comparable. Figure 5 -(d) shows each gamma-ray dose rate profile determined by both codes. In determination of the gamma-ray dose, the both codes were determined by multiplying photon flux by gamma-ray dose conversion factor (CF) installed in respective codes. Therefore, the gamma-ray doses differ depending on the CF, even if the photon fluxes are identical. In fact in the verification, the discrepancy of the gamma-ray dose between MCNP and PHITS was caused by the difference of the gamma-ray dose CF. For low energy region, profile of the PHITS' CF is lower than the MCNP one. The conversion factor of PHITS will be altered to a suitable value for BNCT dosimetry, as the factors built in PHITS can be modified by user. 
Comparison of treatment planning system between JCDS-FX & and JCDS & MCNP
Comparison results of treatment planning for the previous BNCT by both codes are described in this section. Figure 6 shows two-dimensional distributions of tumor dose superimposed on MRI image. In the both treatment plans, prescribed doses given to several organs and tumor region were determined so as to control normal tissue dose of up to 10Gy-Eq. For the tumor dose in the BNCT, the boron dose accounted for the majority of the total dose. In case of this condition, the boron dose accounted for approximately 94% of the total dose. Therefore tumor dose values of the JCDS-FX&PHITS were corresponded to JCDS&MCNP one because both calculations for boron absorbed dose were comparable. In contrast, for the normal tissue dose as left brain region, the dose value was affected by the gamma-ray dose which accounted for about 22% of the total dose, while the boron dose constituted more than half of the amount of the total dose. Hence the slight difference of DVH of the left brain might be caused by the discrepancy of the gamma-ray dose calculation between PHITS and MCNP.
In the dose calculation with the condition, PHITS completed the transport calculation with the same time as MCNP calculation. Utilization of parallel computing environment enables to shorten the computing time in proportion to the number of CPU. These results proved that JCDS-FX combination with PHITS can be applied to treatment planning in actual BNCT clinical trial.
Dose evaluation for proton irradiation with PHITS
On the basis of the applicability of the system to BNCT, we recently started the investigation for expansion of application of the system to proton therapy. As a trial, brief calculations with PHITS for proton irradiation were performed as shown in the Figures 7-(a) . In this simulation, 100 MeV proton beam was irradiated to a cylindrical water phantom, then dose distributions in the phantom were determined using PHITS. And in the case shown in Figure 7 -(c), a material imitated bolus (Thickness: 2cm) was set in front of the phantom. The Figure 7 -(b) and 7-(d) shows dose distribution in the phantom for both conditions. The depth of the Bragg-peak in the case with the bolus is naturally shallow compared with the non-bolus irradiation as shown in the figures. And the Figure 8-(a) shows changes of depth of the Bragg-peak according to the thickness of the bolus. And Figure 8 -(b) also shows that the profiles of irradiations with 90 MeV beam and 100 MeV beam. These profiles indicate deposit energy of charged particles given by the proton beam at each region. In the transport calculation of the deposit energy, cut off energy of each charged particle as proton, photon and electron was set as 1x10 -9 (MeV). These results demonstrated that PHITS can evaluate proper dose distributions in response to changes of the proton beam condition.
Further conditioning for beam delivery system as wobbler magnets, ridge filter, range shifter and multi-leaf collimator allows producing a unique three dimensional dose distribution corresponding to target region in a body. We carry forward further investigations for treatment planning of proton therapy with JCDS-FX and PHITS to achieve practical application to the therapy in the future. 
CONCLUSIONS
A new Monte-Carlo treatment planning system is being developed on the basis of fundamental technologies of JCDS. The system has applied PHITS to calculate several doses concerned with BNCT. For calculations for neutron, photon and several doses, PHITS can determine equivalent values with the conventional calculations with MCNP. However for gamma-ray dose calculation, PHITS evaluates lower values approximately 5% than JCDS with MCNP values due to difference of gamma-ray conversion factor. The dose conversion factors of BNCT will be standardized by international collaborative research in the near future, and then the common conversion factors should be applied to every treatment planning system of BNCT.
And the verification results by retrospective evaluation of the actual BNCT demonstrated that JCDS-FX has potential of BNCT treatment planning. To realize the practical application of the new treatment planning system as soon as possible, further verifications of the system are being performed. And also investigations for application of the system to any other particle radiotherapy like proton therapy are also accelerated.
